Introduction {#s01}
============

Antibodies are an important component of both protective immunity and autoimmunity. Antibody production occurs when B cells become activated under conditions that promote their differentiation into plasma cells (PCs), and the quality of antibody produced (e.g., isotype, affinity, longevity) is shaped by micro-environmental cues ([@bib42]; [@bib6]). Most high-affinity class-switched antibodies are derived from B cells that have received signals from T follicular helper (Tfh) cells within germinal centers (GCs), specialized sites of B cell affinity maturation ([@bib2]; [@bib17]; [@bib47]). Within GCs, B cell maturation into PCs is tightly regulated to ensure production of robust pathogen-specific antibodies and prevent the generation and secretion of autoreactive antibodies. Despite their importance, few therapeutic strategies exist to modulate the magnitude and quality of antibodies elicited after vaccination or during the development of autoimmune disease. A better understanding of the regulatory circuits that control maturation of GC B cells and antibody responses could result in new therapies for controlling antibody levels.

Itch is a ubiquitin ligase that regulates antibody levels in both humans and mice. Mice with a spontaneous mutation in the *Itch* promoter lack Itch protein and exhibit elevated serum antibody and autoantibody ([@bib36]; [@bib27]; [@bib35]). Similarly, a loss-of-function mutation in the *Itch* gene has been identified in humans with severe multi-faceted autoimmune disease, accompanied by the production of autoantibodies ([@bib23]). Despite the likely role for high antibody levels in driving the pathologies observed in Itch deficiency, the mechanisms by which Itch functions to control B cells and antibody production are largely unexplored. To date, much of what is known about how Itch prevents inflammation and immune dysregulation has focused on T helper (Th) cells.

Studies of Itch-deficient mice revealed that Itch limits T cell activation and Th differentiation. Specifically, Itch-deficient T cells are more resistant to anergy induction, are more likely to differentiate into Th2 cells, and are less likely to become Tfh cells ([@bib11]; [@bib46]; [@bib37]; [@bib50]). This latter finding is surprising when considering the high class-switched antibody levels in these mice. Additionally, it was shown that B lymphocytes that lacked Itch exhibited defects in antigen-triggered B cell receptor (BCR) trafficking into vesicles associated with antigen processing in vitro ([@bib52]; [@bib50]). These data would imply that Itch-deficient B cells would be poor antigen-presenting cells to T cells and would be less likely to differentiate into antibody-producing PCs. Thus, the current description of Itch function cannot explain why Itch deficiency results in increased total serum antibody and the emergence of autoantibodies.

In this study, we investigated how Itch regulates the generation of antibody producing B cells and their production of class-switched antibody. We found that Itch acts within B cells to limit the numbers of GC B cells and PCs. In vitro, Itch functions as a negative regulator of B cell proliferation and metabolic fitness subsequent to activation of cells by diverse stimuli. Itch limited mTORC1 activity within hours after B cell activation, supporting a role for Itch in regulating early activation pathways downstream of both the BCR and TLR9. Finally, we determined that loss of Itch in B cells is sufficient to drive increased B cell responses to immunization in vivo, and that GC B cells lacking Itch exhibited enhanced proliferation and mTORC1 activity, associated with increased persistence, output of PCs, and production of class-switched antibodies. Our data establish Itch as a novel negative regulator of activated B cells.

Results {#s02}
=======

Itch limits quantity of serum antibody and activated B cells {#s03}
------------------------------------------------------------

Itch-deficient mice develop increased levels of serum antibodies and autoantibodies ([@bib27]; [@bib35]). Accordingly, we examined serum IgM, IgG1, and IgG2c levels, as well as IgG anti--double-stranded (ds) DNA in mice lacking Itch (Itch KO). Consistent with published data, we found that serum IgM and IgG1 were markedly elevated in Itch KO mice ([Fig. 1 A](#fig1){ref-type="fig"}), and levels of autoantibodies were clearly detectible above age-matched controls ([Fig. 1 B](#fig1){ref-type="fig"}), albeit not as high as can be seen in New Zealand black × New Zealand white F1 mice, a commonly used model for antibody-mediated lupus-like autoimmune disease ([@bib9]; [@bib30]). Thus, Itch is required to limit antibody production and prevent development of autoantibodies in vivo.

![**Itch limits serum antibody and activated B cells. (A)** Quantity of total antibody in serum of WT and Itch KO mice was determined by ELISA (mice between 8 and 12 wk old, *n* = 4--8, compiled from two independent experiments, multiple *t* tests, Holm--Sidak correction). **(B)** Anti-dsDNA IgG in serum was determined by ELISA (mice between 12 and 24 wk, *n* = 9--13, compiled from three independent experiments, two-way ANOVA). Serum from New Zealand black × New Zealand white F1 mice was included as a positive control (*n* = 2). **(C and D)** Preimmune and activated B cell subsets in spleen were quantified by flow cytometry, and representative flow cytometry plots are shown. Cells were gated on live singlets, and then transitional B cells were CD19^+^CD93^+^, FO B cells were CD19^+^CD93^−^CD23^+^, and marginal zone B cells were CD19^+^CD23^lo/−^CD21^+^. For GC and class-switched non-GC B cells, cells were first gated on IgD^−^CD4^−^CD8^−^F480^−^GR1^−^CD19^+^IgM^−^, and then GC B cells were GL7^+^CD38^−^, and class-switched non-GC B cells were GL7^−^ (*n* = 6--8, compiled from two independent experiments, Mann--Whitney test, WT mice are C57Bl/6). **(E)** Total IgM-, IgG1-, and IgG2c-secreting PCs were enumerated by ELISPOT (*n* = 8, Mann--Whitney test, compiled from two independent experiments; error bars indicate SEM; WT mice are C57Bl/6). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001; ns, not significant.](JEM_20181953_Fig1){#fig1}

To determine how Itch might function to limit antibody production, we first assessed the numbers and proportions of B cell subsets in the spleen, with the prediction that one or more B cell populations might be perturbed in mice lacking Itch, providing clues to the etiology of the dysregulated antibody production. The numbers of mature preimmune B cells, i.e., transitional, marginal zone, and follicular (FO) B cells, were comparable in number to control mice ([Fig. 1 C](#fig1){ref-type="fig"}), suggesting that Itch plays little role in determining B cell lineage output from bone marrow (BM) or in the maintenance of mature naive B cells. However, we found a striking elevation in the numbers of GC B cells and class-switched non-GC B cells in the spleen, and PCs in the BM ([Fig. 1, D and E](#fig1){ref-type="fig"}). Class-switched non-GC B cells are a mixed population of activated cells that are not part of GCs, including memory cells.

Itch KO mice display marked Th2 cell--dependent inflammation, which is largely alleviated in mice that also lack IL-4 (Itch/IL4 double KO \[DKO\] mice; [@bib11]; [@bib31]). Because IL-4 is a potent regulator of B cell class switching and survival ([@bib41]; [@bib49]), we next determined whether the increased number of GC B cells, class-switched non-GC B cells, and antibodies were due to B cell exposure to increased IL-4, or another mechanism. We examined serum antibodies and splenic B cells in IL4 KO and Itch/IL4 DKO mice. We found that serum IgM was restored to normal levels after ablation of IL-4. However, IgG remained elevated in Itch/IL4 DKO mice. Interestingly, instead of increased IgG1 (an IL-4--dependent isotype), we saw increased IgG2c (Fig. S1 A). We next examined splenic B cell subsets and found that total numbers of FO, GC, and class-switched non-GC B cells were elevated in Itch/IL4 DKO mice compared with IL4 KO mice (Fig. S1 B). These data support that Itch likely functions to limit numbers of activated B cells and class-switched antibody production by a mechanism that is distinct from its role in controlling IL-4 production. Furthermore, the elevated serum antibody in Itch KO mice likely arose from T-dependent interactions because it was class-switched, and the isotype was dependent upon cytokines likely produced by T cells.

Itch acts within B cells to negatively regulate GC B cell numbers {#s04}
-----------------------------------------------------------------

GC B cells require close interactions with multiple cell types ([@bib48]). Itch is ubiquitously expressed in many cell types; thus, the observed increase in GC B cells in Itch KO mice could be a result of loss of Itch function in B cells, or other cell types. Notably, Itch controls several Th cell subsets that could impact GC B cell function, including Tfh cells, regulatory T cells, Th2 cells, and Th17 cells ([@bib11]; [@bib18]; [@bib50]; [@bib19]). Importantly, we found that Itch was expressed in both FO and GC B cells (Fig. S2), supporting that it could also function within B cells. To determine if Itch limits GC B cell numbers through an intrinsic function within B cells, or indirectly by acting in another cell type, we generated mixed BM chimeras. To do this, we injected congenically marked BM from Itch KO and WT mice into lethally irradiated WT mice as illustrated in [Fig. 2 A](#fig2){ref-type="fig"}. Following repopulation of the immune compartment, we evaluated peripheral B cell populations. We found that the proportion of CD45^+^ immune cells that arose from CD45.1 and CD45.2 BM cells was approximately equal in the chimeras ([Fig. 2 B](#fig2){ref-type="fig"} and Fig. S3 A). However, Itch KO B cells made up a moderately higher proportion of the FO B cell population in the spleen (60% from Itch KO compared with 40% from WT), and a significantly more disproportionate fraction of the GC pool (80% from Itch KO compared with 20% from WT; [Fig. 2 B](#fig2){ref-type="fig"} and Fig. S3, B and C). This enhanced skewing in the GC B cell population was observed in all chimeras. Supporting this, the proportion of Itch KO GC B cells relative to Itch KO FO B cells was threefold higher than the same ratio of the WT populations ([Fig. 2 C](#fig2){ref-type="fig"}). To ensure that the increase in CD45.2^+^ B cells was a consequence of Itch function within B cells and not due to CD45.1/CD45.2 differences, we compared WT--WT mixed chimeras to WT--Itch KO mixed chimeras. We found that the frequency of GC B cells within the CD45.2 compartment was significantly elevated relative to CD45.1 cells only when the CD45.2 cells lacked Itch (Fig. S3 D). These data indicate that Itch functions within B cells to limit B cell numbers, and this effect is amplified within in the GC compartment.

![**Itch acts within B cells to negatively regulate GC B cell numbers. (A)** Experimental design. **(B)** Percent of WT (B6.SJL \[CD45.1\]) and Itch KO (CD45.2) cells within immune populations was enumerated by flow cytometry (*n* = 6, compiled from two independent experiments, two-way ANOVA with Sidak post-test). **(C)** Percent of GC B cells of each genotype was divided by percent of FO B cells from the same genotype (*n* = 6 compiled from two independent experiments, paired *t* test). **(D)** NP^+^ GC B cells were analyzed on day 14 after immunization. Percent of NP^+^ GC B cells from each genotype was divided by percent FO B cells from the same genotype (*n* = 4, compiled from two independent experiments, paired *t* test). **(E)** Equal numbers of flow cytometry--sorted CD45.1^+^ and CD45.2^+^ cells were plated on an NP-BSA--coated ELISPOT plate, and IgG1-secreting PCs were enumerated (*n* = 5, compiled from two independent experiments, paired *t* test). For A--E, two sets of BM donors were used to generate the chimeras. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001.](JEM_20181953_Fig2){#fig2}

Spontaneous GCs occur continuously in response to undefined environmental and self-antigens. To determine whether Itch limits acutely induced B cell responses to a specific foreign antigen, we immunized mixed BM chimeras with nitrophenyl acetyl (NP)--conjugated OVA in alum. After different time points following immunization, we determined the relative contribution of WT and Itch KO B cells to the population of NP-specific GC B cells and NP-specific PCs in the spleen. Similar to what we observed with the steady state GC B cell populations, NP-specific GC B cells lacking Itch were found in much higher frequency that their WT counterparts ([Fig. 2 D](#fig2){ref-type="fig"}). Interestingly, NP^+^ WT GCs appear to exhibit defective expansion, which may indicate that Itch KO B cells out-compete WT GC B cells for T cell help, excluding them from the GC. Importantly, NP-specific class-switched IgG1 PCs were more frequent among the Itch KO CD45.2 population compared with the CD45.1 WT population ([Fig. 2 E](#fig2){ref-type="fig"}), supporting that the function of Itch within B cells has significant consequences for class-switched antigen-specific antibody production.

Proteomic profiling revealed Itch limits cell cycle and mTORC1 in activated B cells {#s05}
-----------------------------------------------------------------------------------

Itch is a ubiquitin ligase that mediates covalent addition of ubiquitin molecules to substrate proteins in order to govern their function and stability ([@bib36]; [@bib1]). To explore the cellular processes regulated by Itch in activated B cells, we used quantitative mass spectrometry to profile the proteomes of WT and Itch-deficient B cells that were activated in vitro. To avoid quantifying proteins that were altered due to exposure of cells to IL-4 before harvest, we used Itch/IL4 DKO and IL4 KO mice for these experiments. We isolated FO B cells from spleens of IL4 KO and Itch/IL4 DKO mice, stimulated the cells with the TLR9 agonist CpG, and harvested cell lysates after 24 h, before cell division, at a time when WT cells express Itch (Fig. S4 A). The proteomes were quantified using multidimensional protein and peptide fractionation followed by tandem mass spectrometry ([@bib20]). More than 6,000 proteins were quantified, with 163 proteins displaying significantly increased or decreased abundance in Itch-deficient B cells based on significant P values ([Fig. 3 A](#fig3){ref-type="fig"}). Significantly up- and down-regulated proteins were entered into the Broad Institute Molecular Signatures Database ([@bib21]) and searched within the hallmark gene sets. Several hallmark gene sets were enriched within the proteomics data. Two of the most significantly enriched hallmarks were "genes upregulated through activation of MTORC1 complex," and "cell cycle--related targets of E2F transcription factors" ([Fig. 3 B](#fig3){ref-type="fig"}). Importantly, the enriched proteins in these two hallmark gene sets were almost all up-regulated in the Itch-deficient samples. For the mTORC1-related hallmark, 9 out of 11 proteins were up-regulated in Itch/IL4 DKO B cells ([Fig. 3 C](#fig3){ref-type="fig"}), and for the cell cycle--related hallmark, six out of eight proteins were up-regulated in Itch/IL4 DKO B cells ([Fig. 3 D](#fig3){ref-type="fig"}). These results suggested that Itch negatively regulates mTORC1 activity and cell cycle progression in B cells.

![**Proteomic profile of Itch KO B cells. (A)** Itch-deficient (Itch/IL4 DKO) and control (IL4 KO) FO B cells were stimulated for 24 h with 0.1 μM CpG. Cells were lysed, fractionated, trypsin-digested, and subjected to liquid chromatography and tandem mass spectrometry analysis followed by protein assignation and quantification by MaxQuant. Normalized intensity-based absolute quantification values (for protein abundance) were compared between genotypes to generate fold change. Red dots indicate 163 proteins that were statistically significantly different (*n* = 3, *t* test corrected for repeated measures, P \< 0.05, IL4 KO mice were on a B6.SJL background \[CD45.1\]). **(B)** Top Molecular Signatures Database hallmarks indicated by the 163 proteins that were different between Itch KO and control cells. FDR, false discovery rate. **(C)** Gene names for the proteins within the top hallmark (genes up-regulated through activation of mTORC1). **(D)** Gene names for the proteins within the second-ranked hallmark (cell cycle--related targets of E2F transcription factors).](JEM_20181953_Fig3){#fig3}

Itch limits B cell proliferation {#s06}
--------------------------------

We next wanted to determine (1) if Itch indeed regulated B cell proliferation, as suggested by the proteomics data; and (2) if this regulation was unique to TLR9-driven cell division, or whether Itch would also regulate other mitogenic stimuli. To this end, we isolated FO B cells from WT and Itch KO mice and stimulated them in vitro with anti-IgM or CpG. Importantly, B cells expressed Itch throughout the course of the in vitro stimulation (Fig. S4, A and B). Several indices of the proliferative response were quantified based on analysis of CellTrace dye dilution after 3 d ([@bib34]). First, the division index (a measure of the overall proliferative response) was modestly but consistently increased in Itch KO B cells compared with WT B cells after both BCR and TLR9 stimulation ([Fig. 4, A and B](#fig4){ref-type="fig"}). Second, Itch KO B cells stimulated with both anti-IgM and CpG showed an increase in percent divided, supporting that an increased proportion of FO B cells underwent cell division if they lacked Itch ([Fig. 4 C](#fig4){ref-type="fig"}). Interestingly, only after CpG stimulation did Itch KO cells show an increase in proliferation index, which measures the number of divisions per dividing cell ([Fig. 4 D](#fig4){ref-type="fig"}). This result indicated that the increased proliferation seen in Itch KO B cells after BCR stimulation was mostly due to the increased proportion of cells entering division. In contrast, after TLR9 stimulation, increased division was likely due to increases in both the proportion of cells entering division and the number of divisions per dividing cell. Importantly, in the case of both BCR and TLR9 stimulation, increased proliferation led to increased overall expansion of Itch KO versus WT B cells, as evidenced by the expansion index ([Fig. 4 E](#fig4){ref-type="fig"}). These data support that Itch is a negative regulator of B cell proliferation after activation, providing a possible mechanism for increased GC B cell numbers in Itch KO mice.

![**Itch limits B cell proliferation.** CD23^+^ FO B cells from WT and Itch KO mice were labeled with CellTrace Violet, then co-cultured and stimulated in vitro with anti-IgM or CpG for 3 d. **(A)** Representative flow cytometry histograms of CellTrace Violet--labeled FO B cells. Max, maximum. **(B--E)** Proliferation analysis was performed with FlowJo software. **(B--E)** Division index (B), percent divided (C), proliferation index (D), and expansion index (E) are shown (*n* = 5--6, compiled from four independent experiments, paired *t* test, WT mice were B6.SJL \[CD45.1\]). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not significant.](JEM_20181953_Fig4){#fig4}

Itch is a negative regulator of mTORC1 activation {#s07}
-------------------------------------------------

Given that lymphocyte proliferation depends on mTORC1 activity ([@bib54]; [@bib26]; [@bib28]) and the proteomic profile of Itch KO B cells pointed to increased mTORC1 activation, we next wanted to directly analyze mTORC1 activity. Specifically, we sought to test the kinetics of mTORC1 activity following B cell activation, before cell division. We isolated CD23^+^ FO B cells and stimulated them in vitro with CpG or anti-IgM, then measured phosphorylation of the direct mTORC1 target, S6, using flow cytometry. We found that WT and Itch KO B cells up-regulated phospho-S6 (P-S6) after activation with both CpG and anti-IgM ([Fig. 5, A and B](#fig5){ref-type="fig"}). CpG stimulation induced a slightly delayed P-S6 activation compared with anti-IgM, but in both cases, Itch KO B cells displayed increased levels of P-S6 compared with WT B cells. Increased P-S6 could help explain the increased cell proliferation. Furthermore, because both CpG and anti-IgM stimulation drove higher P-S6 activation within 2 h of stimulation, this suggests that Itch might regulate early signaling events in B cell activation, perhaps through controlling abundance or availability of signaling intermediates in a shared pathway leading to mTORC1 activity downstream of these disparate stimuli. These results support that Itch functions to dampen mTORC1 activation in B cells early after activation in order to limit proliferation.

![**Itch limits B cell mTORC1 activity. (A and B)** CD23^+^ FO B cells from WT and Itch KO mice were stimulated in vitro with (A) anti-IgM or (B) CpG for between 5 and 240 min. At the indicated times, P-S6 was detected by flow cytometry. Representative histograms and quantifications are shown. The mean fluorescence intensity (MFI) was quantified from the total population. The vertical line indicates the threshold for a positive P-S6 value (*n* = 5, compiled from three independent experiments, two-way ANOVA; error bars indicate SEM; WT mice were C57Bl/6 \[CD45.2\]). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001.](JEM_20181953_Fig5){#fig5}

We next wanted to ask whether spontaneous GC B cells showed any evidence of increased mTORC1 activation, which could support increased competitive fitness and GC numbers in vivo. We purified total B cells from spleens of WT or Itch KO mice, and we cultured the cells for 1 h with media alone, CpG, or anti-Ig. Next, we briefly surface-stained the cells for GC markers, then immediately fixed the cells and performed intracellular staining for P-S6. We found that GC B cells expressed little P-S6 directly ex vivo, likely due to phosphatase activity during the tissue processing and surface staining. However, after culture ex vivo for 1 h, P-S6 could be detected in GC B cells. GC B cells showed little response to CpG, but a subset responded to anti-Ig, indicating BCR ligation could activate mTORC1 in GC B cells. Itch KO B cells showed increased P-S6 after anti-Ig stimulation compared with WT GC B cells (Fig. S5). These data indicate that Itch limits mTORC1 activity in GC B cells, likely downstream of BCR signals.

Itch limits B cell metabolism {#s08}
-----------------------------

mTORC1 is an important driver of metabolic fitness in B cell development and in GC B cells ([@bib16]; [@bib10]). Additionally, mTORC1-dependent changes in metabolism (e.g., up-regulation of glycolysis) support cell division by increasing generation of energy and biomass. Thus, we next wanted to test whether Itch regulated B cell metabolism. We stimulated FO B cells with anti-IgM or CpG for 24 h, then analyzed glycolysis and oxidative phosphorylation using a Seahorse analyzer. We found that after stimulation through either BCR or TLR9, Itch KO B cells displayed increased glycolysis. Itch KO B cells displayed increased maximum glycolytic capacity, as determined by extracellular acidification rate (ECAR) of the media after blockade of the electron transport chain (with oligomycin), supporting that Itch limits the availability or function of the glycolytic pathway ([Fig. 6 A](#fig6){ref-type="fig"}). Additionally, we found that Itch exerted an additional negative regulatory influence over the basal level of oxidative phosphorylation, which determines ATP production, but this was observed only after stimulation of TLR9 ([Fig. 6 B](#fig6){ref-type="fig"}). These data support that Itch regulates B cell metabolic fitness, and this is consistent with increased mTORC1 activity and proliferation in B cells lacking Itch. Such an increase could underlie the elevated FO and GC B cell competitive fitness of Itch-deficient B cells in vivo.

![**Itch limits B cell metabolism.** CD23^+^ FO B cells from WT and Itch KO mice were stimulated in vitro with anti-IgM or CpG for 1 d, and then equal numbers were plated in a Seahorse Extra Cellular Flux Assay plate and subjected to treatment with oligomycin. **(A and B)** ECAR (A) and OCR (B) are shown. mpH, milli-pH; ETC, electron transport chain (*n* = 6, six independent experiments, two-way ANOVA with Sidak post-test; error bars indicate SEM; WT mice were C57Bl/6 \[CD45.2\]). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001; ns, not significant.](JEM_20181953_Fig6){#fig6}

Itch functions within B cells to limit antibody production following immunization {#s09}
---------------------------------------------------------------------------------

The data so far support that Itch regulates mTORC1 activity to limit B cell glycolytic fitness and proliferation. Based on these observations, we would expect that Itch deficiency in B cells would be sufficient to drive enhanced GC B cell and antibody responses after immunization. To test this hypothesis, we employed the B1-8 transgenic mouse model, in which the B1-8 heavy chain is expressed within the endogenous IgH locus, yielding a BCR that recognizes NP when paired with a lambda light chain ([@bib43]). Importantly, this BCR can still undergo class switching and somatic hypermutation in the GC ([@bib43]). The B1-8 heavy chain is congenically marked; thus, antibodies secreted from transferred B1-8 cells can be identified as IgH\[a\].

We crossed B1-8 transgenic mice to Itch KO mice, and then isolated 20,000 lambda^+^ B cells from Itch KO or WT B1-8 mice (CD45.2, IgH\[a\]). These cells were adoptively transferred into congenically marked WT mice (CD45.1, IgH\[b\]), and recipients were immunized with NP-OVA in alum ([Fig. 7 A](#fig7){ref-type="fig"}). Transferred cells were detected on days 4, 6, 8, 12, and 20 after immunization, and we quantified the numbers of donor NP^+^ GC B cells at these time points following immunization. We found that WT and Itch KO cells appeared to expand with equal magnitude, with total numbers reaching a peak at day 8. However, while WT B1-8 cell numbers rapidly decreased by day 12 and were barely detectable by day 20, Itch KO B1-8 cells remained elevated at these later time points ([Fig. 7 B](#fig7){ref-type="fig"}). The increased persistence of Itch KO GC B cells had important consequences for the emergence of PCs derived from the donor B cells. By day 12, mice that received Itch KO B1-8 cells had more NP-specific IgG1\[a\] secreting PCs in the spleen than mice that had received WT B1-8 cells ([Fig. 7 C](#fig7){ref-type="fig"}). Furthermore, on day 20, the difference in NP-specific IgG1\[a\] PCs was evident in the BM as well ([Fig. 7 D](#fig7){ref-type="fig"}). Importantly, the increase in GC B cells and PCs was accompanied by an increase in high-affinity NP-specific IgG1\[a\] in the serum ([Fig. 7, E--G](#fig7){ref-type="fig"}). The increase in PCs and high-affinity antibody is likely due to the prolonged persistence of GC B cells. With increased numbers of cells persisting longer in the GC, more B cells would achieve higher affinity and produce a larger output of high-affinity PCs. Supporting this idea, we found that NP^+^ GC B cells isolated on day 12 after adoptive transfer and immunization exhibited increased replacement mutations in the Vh186.2 gene. This indicates that Itch KO GC B cells undergo more rounds of division or survive better in the GCs, allowing accumulation of more mutations ([Fig. 7 H](#fig7){ref-type="fig"}). These data support that Itch acts in B cells to limit GC B cell responses and subsequent PC differentiation, thus impacting high-affinity antibody levels.

![**B cell Itch limits antibody responses to immunization. (A)** Experimental design for adoptive transfer and immunization. **(B)** Donor NP-binding GC B cells (CD45.2^+^NP^+^GL7^+^) from spleen of recipient mice were enumerated by flow cytometry after immunization (*n* = 3 for day 4, *n* = 6 for day 8, *n* = 10--12 for day 12, and *n* = 6 or 7 for day 20, two or three independent experiments, two-way ANOVA with Sidak post-test). **(C and D)** NP-specific IgG1 PCs were enumerated on day 12 and day 20 after immunization in the spleen (C) and BM (D) by ELISPOT (*n* = 10--12 for day 12 and 6 or 7 for day 20, three independent experiments, two-way ANOVA with Sidak post-test for spleen, Mann--Whitney test for BM). **(E--G)** Donor-derived NP-specific IgG1\[a\] was quantified by ELISA. NP-BSA with either a high or low conjugation ratio was used to capture total or high-affinity NP-specific antibody, respectively. **(E)** Low-affinity antibody = total − high. **(F)** High-affinity antibody. **(G)** Ratio of high/low affinity was enumerated within each mouse (for day 12, *n* = 10--12, for day 20, *n* = 6 or 7, three independent experiments, two-way ANOVA with Sidak post-test). **(H)** Chimeras were immunized with NP-OVA, and after 12 d, NP^+^GL7^+^ GC B cells were FACS-sorted. Vh186.2 gene was amplified using RT-PCR, and the amplicon was cloned and sequenced. Data are derived from sequences (WT, 18; Itch KO, 34) that were obtained from multiple mice (WT, 4; Itch LP, 10) and two independent experiments (two-way ANOVA and multiple *t* tests were performed). Error bars indicate SEM. \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20181953_Fig7){#fig7}

Itch limits proliferation and mTORC1 in B cells in vivo {#s10}
-------------------------------------------------------

Because we saw increased numbers of Itch KO GC B1-8 cells after immunization, we wanted to determine if increased proliferation and/or metabolic fitness might underlie increased cell numbers. We posited that Itch might regulate rapid postimmunization responses (as suggested by the in vitro stimulation experiments in [Figs. 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}), as well as in sustained GC responses (indicated by the prolonged contraction of Itch KO B1-8 GC B cells shown in [Fig. 7 B](#fig7){ref-type="fig"}). To look at early B cell proliferation in vivo, we transferred CellTrace-labeled WT or Itch KO B1-8 cells into recipient mice, immunized the recipient mice, and measured CellTrace dye dilution and P-S6 levels after 3 d ([Fig. 8 A](#fig8){ref-type="fig"}). We found that a higher proportion of Itch KO B1-8 cells had proliferated by day 3 after immunization ([Fig. 8 B](#fig8){ref-type="fig"}), and Itch KO B1-8 cells expressed higher P-S6 levels after brief (1 h) ex vivo culture ([Fig. 8 C](#fig8){ref-type="fig"}), suggesting that Itch limits mTORC1 activity and proliferation in acutely activated B cells in vivo, similar to what is seen in vitro. We next wanted to analyze P-S6 and proliferation at a later stage after immunization that would better reflect a GC B cell. To this end, we analyzed B1-8 cells between days 8 and 12 after immunization, which is the time period when WT B1-8 cells contract, but Itch KO B1-8 cells persist at higher levels ([Fig. 7 B](#fig7){ref-type="fig"}). We immunized donor B1-8 and recipient CD45.1 mice. Then, on day 8 after immunization, we isolated B1-8 cells from WT and KO donor mice, labeled them with CellTrace, and injected them into recipient mice ([Fig. 8 D](#fig8){ref-type="fig"}). We evaluated proliferation and P-S6 4 d later, on day 12 after immunization. We found that Itch KO B1-8 cells proliferated more than WT ([Fig. 8 E](#fig8){ref-type="fig"}), and they expressed higher levels of P-S6 ([Fig. 8 F](#fig8){ref-type="fig"}). Together, these data indicate that Itch functions to dampen B cell proliferation and mTORC1 activity in vivo both early and late after immunization, and increased proliferation likely contributes to increased Itch KO B1-8 GC B cell persistence after immunization.

![**Itch limits proliferation and mTORC1 in B cells in vivo. (A)** Experimental design for B and C. Lambda^+^ B cells were isolated from WT and Itch KO B1-8 mice (CD45.2). Cells were labeled with CellTrace and transferred into WT recipient mice (B6.SJL CD45.1), which were then immunized with NP-OVA in alum. **(B)** On day 3, CellTrace dye dilution of spleen NP^+^CellTrace^+^CD45.2^+^ cells was analyzed. **(C)** P-S6 MFI of NP^+^CellTrace^+^CD45.2^+^ cells after 1 h culture at 37°C in B cell media was determined by flow cytometry. Fold change refers to KO/WT MFI (for B and C: *n* = 6 or 7, three independent experiments, unpaired *t* test). **(D)** Experimental design for E and F. **(E and F)** Spleen cells were harvested on day 12 after immunization. **(E)** CellTrace dye dilution of spleen NP^+^CellTrace^+^CD45.2^+^ cells was analyzed. **(F)** P-S6 MFI of NP^+^CellTrace^+^CD45.2^+^ spleen B cells after 1 h culture at 37°C in B cell media was determined by flow cytometry. Fold change refers to KO/WT MFI (for E and F: *n* = 5, two independent experiments, unpaired *t* test). Error bars indicate SEM; \*, P \< 0.05.](JEM_20181953_Fig8){#fig8}

Discussion {#s11}
==========

In this report, we reveal a B cell--intrinsic role for Itch that aligns with its well-recognized role in preventing autoimmune disease in mice and humans. While loss of Itch had a subtle impact on the formation of preimmune B cell pools, Itch more dramatically limited the numbers of activated B cells. Itch expression restricted the competitive fitness of activated B cells, allowing Itch-deficient B cells to accumulate to high proportions within mixed BM chimeras. Proteomic profiling of Itch-deficient B cells revealed that Itch limited the abundance of (1) proteins that are activated by mTORC1 and (2) proteins that are up-regulated during cell division. Consistent with the proteomics data, Itch-deficient cells displayed increased proliferation, mTORC1 activity, and metabolic fitness after in vitro activation through either BCR (anti-IgM) or TLR9 (CpG). By focusing on early time points after anti-IgM and CpG stimulation, we determined that Itch regulated mTORC1 activity within 2 h of stimulation, supporting the idea that Itch regulates early activation events that are propagated following BCR and TLR engagement. Finally, we demonstrated that loss of Itch in B cells resulted in elevated numbers of antigen-specific GC B cells and PCs, and enhanced antibody production after immunization in vivo*,* accompanied by increased proliferation and mTORC1 activity. Together these data support a model in which Itch directly limits antigen-driven B cell responses through regulation of mTORC1-dependent metabolic fitness and proliferation, thus dampening PC generation and antibody production.

A key finding from this study is the identification of a novel negative regulatory role for Itch in B cells that aligns with the autoimmune disease phenotype that develops in humans and mice that lack functional Itch. Prior to this study, mechanistic descriptions of Itch function in lymphocytes could not explain the reported elevation in serum IgG and humoral autoimmunity that develops in Itch deficiency ([@bib27]; [@bib35]; [@bib23]). Tfh cell differentiation, required for efficient IgG responses, was found to be defective in Itch KO lymphocytes in a model of viral infection ([@bib52]; [@bib50]), which appears to be at odds with the high levels of class-switched antibody occurring in Itch deficiency. Perhaps the Th2 cell--biased Itch KO T cells may be specifically defective in becoming Tfh cells in response to a Th1 cell/IFN-γ--biased viral infection, but may still support spontaneous GCs ([@bib11]; [@bib32]). This idea is supported by some evidence of heterogeneity in Tfh cell phonotypes depending on the type of immune response elicited ([@bib51]). Importantly, because Itch KO T cells fail to become Tfh cells, a role for Itch in T cells cannot explain the large increases in class-switched antibody in Itch-deficient mice. On the contrary, a potent gain of function in Itch KO B cells could lead to increased antibody production, with decreased reliance on Tfh cells.

To explore the inhibitory role of Itch in B cells without the confounding effects of Itch function in other cell types, we used both mixed BM chimeras and adoptive transfer of Itch KO B cells into WT mice. In mixed BM chimeras, we observed that Itch KO cells made up a significantly greater proportion of the GC B cell pool than WT cells, in the case of both spontaneous GCs and immunization-induced GCs. The magnitude of GC B cells is a function of differentiation (i.e., GC entry/seeding), proliferation, lifespan, and exit from the GC (e.g., differentiation into PCs; [@bib47]). The results of the adoptive transfer experiments using WT and Itch KO B1-8 cells provide clues as to which determinant of GC B cell numbers is likely regulated by Itch. We found that Itch KO GC B cells accumulated to greater numbers than WT only in the later days of the response, from days 12 to 20 after immunization. Early after transfer and immunization (days 0--3), Itch KO B cells showed increased proliferation and PS-6, but the numbers of GC B cells at the peak of the response (day 8) were similar between WT and Itch KO cells. This indicates that Itch function to limit acute B cell activation may play less of a role in GC entry, but could have lingering effects on the function and/or fitness of GC B cells. Additionally, antigen-specific PCs and antibody derived from Itch KO--transferred cells was greater in magnitude than WT, so exit from the GC by PC differentiation was intact. Thus, it seems likely that Itch limits the proliferation and/or lifespan of GC B cells, leading to the observed increased cell numbers late in the response.

Recent studies have identified the two main determinants for GC B cell proliferation and survival: (1) the ability to solicit external survival signals through T cell help and FO dendritic cell--derived integrin interactions, and (2) BCR signaling ([@bib48]). In mixed BM chimeras, increased proportions of Itch KO GC B cells could indicate a competitive advantage in acquiring survival signals or increased responsiveness to positive stimuli (e.g., BCR). Our in vitro studies demonstrated that Itch could regulate B cell proliferation and metabolism without the presence of Tfh cells or FO dendritic cells, supporting the idea that Itch regulates the way B cells respond to activating stimuli (e.g., BCR and TLR9). In the context of GCs, increased BCR signaling would be expected to lead to increased size and duration of GCs ([@bib44]; [@bib5]; [@bib15]). This is supported by the increased P-S6 levels in spontaneous GC B cells stimulated through the BCR ex vivo with anti-Ig (Fig. S5). Increased BCR signaling in the absence of Itch would lead to enhanced proliferation and survival of GC B cells and could explain the increased numbers of GC B cells observed in Itch KO mice. Although we have not ruled out the possibility that Itch might also regulate interactions with Tfh cells or FO dendritic cells, our data support an important role for Itch in negative regulation of GC B cells through suppression of responses to BCR and/or TLR9 stimulation.

The molecular mechanisms underlying increased metabolic fitness and proliferation in GC B cells lacking Itch are yet to be defined. Itch has been linked to ubiquitylation and degradation of Fox-o1 in T cells ([@bib50]) and ubiquitylation and endo-lysosomal trafficking of Igβ in naive B cells ([@bib52]). BCR signaling, mTORC1 activity, and Fox-o1 are key contributors to GC maintenance. BCR signals activate mTORC1, which promotes survival and proliferation through increased glycolysis and generation of biomass ([@bib53]). BCR-dependent inactivation of Fox-o1 promotes dark zone to light zone transition ([@bib8]; [@bib40]). It was recently shown that the BCR mediates these effects in GC B cells by triggering Akt signals. Importantly, Akt activation in GC B cells required BCR signals and could not be triggered by ligation of CD40 ([@bib25]). Thus, GC BCR signals promote metabolic fitness, light zone transition, and maintenance of GC B cell numbers, and Itch regulation of this axis, possibly through limiting BCR signals, Fox-o1 levels, or anther mechanism, could impact GC B cell numbers and antibody responses. Future studies should explore how Itch enzymatic activity regulates these pathways in GC B cells.

It is important to note that Itch exerted modest negative regulation of FO B cells in addition to the more dramatic effect on GC B cells in vivo. In mixed BM chimeras, Itch KO B cells made up a greater proportion of the FO B cell pool than WT B cells, although we did not observe increased numbers of FO B cells in Itch KO mice. Numbers of mature B cells are determined largely by their capacity for acquiring survival signals (e.g., B lymphocyte stimulator) in the periphery, which regulates both rate of mature B cell generation (i.e., survival during maturation from transitional to FO), and lifespan of FO B cells ([@bib14]; [@bib4]). Because we only observed an increase in FO B cells in the context of a competitive environment, it remains possible that Itch KO FO B cells are able to compete more effectively for survival cytokines than WT B cells. Importantly, these observations indicate that Itch is active within FO B cells. Thus, although Itch appears to have only small effects on FO cell numbers, even in a competitive setting, Itch may have other impacts on FO B cell biology, e.g., to limit cell activation. This idea aligns with the in vitro and in vivo data showing enhanced proliferation and mTORC1 activity in acutely activated FO B cells, and lack of Itch may poise FO B cells to exhibit enhanced responses to activating stimuli. Although we did not see evidence of enhanced GC entry in the adoptive transfer experiments, it is possible that Itch function in FO B cells leads to enhanced spontaneous GC seeding or primes GC B cells to persist longer.

An important remaining question is whether the suppressive role of Itch in B cells is linked to the autoimmune phenotype observed in Itch-null patients and mice. While our results demonstrate that Itch limits B cell proliferation, metabolic fitness, and GC B cell numbers, it has yet to be determined whether loss of this negative regulator would be sufficient to drive autoimmunity. Survival in the GC depends on accumulation of survival signals (e.g., CD40, BCR) to counteract death signals through Fas ([@bib13]). Apoptosis is the default pathway for GC B cells, and Fas is required to prevent emergence of autoreactive B cells that arise during somatic hypermutation in GCs ([@bib47]). It is conceivable that Itch-deficient GC B cells, which exhibit exaggerated proliferation and mTORC1 in response to BCR ligation, may be less sensitive to Fas-mediated apoptosis, allowing emergence of autoreactive cells. Future studies using B cell conditional Itch KO mice in a model of autoimmunity could explore the extent to which Itch activity in B cells opposes autoimmunity.

Using proteomics, we identified pathways regulated by Itch using CpG-stimulated B cells. We chose to screen protein expression rather than gene expression because Itch, a ubiquitin ligase, can directly regulate protein levels. Indeed, we were able to make accurate predictions as to the cellular processes that were regulated by Itch by proteomic profiling of activated B cells. Even more importantly, we found the same pathways were elevated in Itch KO cells activated in vitro by anti-IgM and in vivo during a response to immunization. We found that both proliferation and glycolysis were elevated in Itch KO B cells over WT B cells after in vitro activation of either the B cell or TLR9 receptors. We can attribute this in part to early regulation of mTORC1 activity within hours of activation by either stimulus. Mechanistically, Itch-mediated ubiquitylation likely controls signaling pathways downstream of the BCR and TLR9 that converge on mTORC1 activation to limit metabolic fitness and proliferation. Other B cell activation pathways require mTORC1 as well, including CD40 signaling and TLR4 stimulation ([@bib53]). Determining if Itch regulates S6 phosphorylation downstream of other activating stimuli will help determine whether Itch regulates specific pathways leading to mTORC1 versus regulating general metabolic reprograming in response to any activation signal. It is important to note that although mTORC1 is a major activator of S6 kinase leading to phosphorylation of S6 and enhanced protein translation, mTORC1-independent S6 phosphorylation has been described ([@bib33]). Future studies should explore the mechanistic details by which Itch controls mTORC1 activation and cell proliferation.

It was recently shown that Itch plays a role in B cell development. Supporting this, Itch KO B cells had modestly decreased expression of RAG and IL7R during the pro--B cell stage, although overall numbers of B cells in the spleen were not changed ([@bib22]). A subtle change in B cell development could impact the B cell repertoire emerging from the BM, possibly contributing to autoreactive cells. CD93 is a marker of both transitional B cells and anergic cells, autoreactive cells that are held in an unresponsive state ([@bib29]). We did not see an increase in CD93^+^ cells in Itch KO mice, but it would be useful to quantify anergic cells either in Itch KO mice or in a mixed chimera setting. If Itch regulation of B cell development modifies the BCR repertoire, Itch deficiency could lead to changes in the numbers of autoreactive cells in the periphery. Additionally, if Itch regulates responses to BCR stimulation, Itch could impact the balance of IgM versus IgD signaling, which could alter the numbers and/or responsiveness of anergic cells ([@bib39]). A closer look at the role of Itch in B cell anergy could help define the link between Itch function in B cells and autoimmunity.

Taken together, our findings demonstrate that Itch is a negative regulator that limits the accumulation of GC B cells, the generation of PCs, and antibody levels before and after immunization. Itch limited proliferation and mTORC1 activity in B cells activated in vitro and in vivo. These data suggest that small increases in proliferation and glycolytic capacity of GC B cells might translate into large changes in antibody quantity and quality in vivo. From a clinical perspective, this could indicate that therapeutic interventions targeting GC B cell proliferation could have large effects on antibody responses. Our data support the idea that therapies designed to boost or suppress Itch function in GC B cells could be used to regulate antibody levels and quality in clinical settings.

Materials and methods {#s12}
=====================

Mice {#s13}
----

WT, Itch KO ([@bib36]), IL4 KO, Itch/IL4 DKO, Rag KO, and B1-8 Tg ([@bib43]) mice were bred in-house at the Children's Hospital of Philadelphia (CHOP). Mice were used between 8 and 14 wk of age (unless otherwise noted), and within experiments they were matched for age and sex. Animal housing, care, and experimental procedures were performed in compliance with the CHOP Institutional Animal Care and Use Committee.

Immunization {#s14}
------------

Mice were immunized by intraperitoneal injection with 200 μl of 0.25 mg/ml NP-OVA with a conjugation ratio of 16NP/OVAL (N-5051; Biosearch Technologies) adsorbed to alum. A 0.5 mg/ml solution of NP-OVA was mixed with 10% aluminum potassium sulfate, and the pH was adjusted to 6.5 using 1 M potassium hydroxide, dropwise. The mixture was incubated at 4°C overnight. Then precipitate was collected by centrifugation and washed with PBS, and precipitant was resuspended in PBS to give a final concentration of 0.25 mg/ml.

BM chimeras {#s15}
-----------

BM chimeras were generated by irradiating recipient mice using an X-Rad Irradiator. For B6.SJL CD45.1 recipients, lethal irradiation was used (1,100 rad), and for Rag KO recipients, sublethal irradiation was used (400 rad). The next day, BM from donor mice was collected, RBCs were lysed, remaining cells were enumerated, and then CD45.1 and CD45.2 cells were mixed at a 1:1 ratio. 2 million mixed BM cells in media were injected into recipient mice via tail vein injections. Following irradiation, mice were kept on Sulfatrim antibiotic water for 3 wk. Mice were analyzed ≥8 wk after injection of BM cells.

Flow cytometry and antibodies {#s16}
-----------------------------

Cells from the spleen were isolated, and single-cell suspensions were stained with a fixable viability dye (Life Technologies), then pretreated with unlabeled anti-CD16/CD32 (Fc Block; BD Pharmingen). Cells were then stained in FACS buffer (2.5% fetal calf serum plus 0.1% sodium azide) with the following mixtures of directly conjugated antibodies, purchased from BioLegend, unless otherwise noted: anti-mouse CD19, IgD, IgM, CD21/35, CD23 (BD Pharmingen), GL-7, CD38, CD4, CD8a, GR-1, F4/80, MHCII, and CD138. Identification of NP-specific B cells was performed by staining with NP-PE, with a conjugation ratio of 23NP/PE (N-5070; Biosearch Technologies). For proliferation studies, cells were labeled with CellTrace violet (Life Technologies).

For P-S6 staining, cells were fixed with 4% paraformaldehyde at 37°C for 10 min, washed in FACS buffer, and fixed in 90% methanol for 20 min on ice. Cells were washed in FACS buffer and stained with anti--P-S6--biotin for 1 h at room temperature. Cells were washed in FACS buffer, and fluorochrome-conjugated streptavidin was added for 15 min at 4°C.

Samples were analyzed using a Fortessa (BD Biosciences) flow cytometer, and flow-cytometric sorting was performed using the MoFlo Astrios (Beckman Coulter) at the CHOP flow cytometry core facility. Data analysis was done using FlowJo (Treestar).

B cell isolation and in vitro stimulation {#s17}
-----------------------------------------

FO B cells and lambda^+^ B1-8 cells were isolated by magnetic separation using the Milltenyi anti-PE positive selection kit and anti-mouse CD23-PE (BD Pharmingen) or anti-mouse lambda (Southern Biotech), respectively. FO B cells were stimulated in vitro in B cell media with either 0.1 μg/ml CpG oligodeoxynucleotide (ODN) 1826 (5′-TCC​ATG​ACG​TTC​CTG​ACG​TT-3′ synthesized with phosphorothioate bonds for added stability; Integrated DNA Technologies) or 12.5 μg/ml anti-mouse IgM H+L (Jackson ImmunoResearch). Incubations were performed at 37°C and 10% CO~2~. B cell media was RPMI 1640 (GE) supplemented with 10% fetal bovine serum (Atlanta), Hepes, nonessential amino acids, sodium pyruvate, and 2-mercaptoethanol.

Total B cells were isolated by negative magnetic separation using the EasySep B cell isolation kit (StemCell). Purified B cells were cultured for 1 h at 37°C with media alone, 1 μM CpG ODN 1826 (5′-TCC​ATG​ACG​TTC​CTG​ACG​TT-3′ synthesized with phosphorothioate bonds; Integrated DNA Technologies), or 10 μg/ml goat anti-mouse Ig (Southern Biotech). After 1 h, cells were washed and surface stained for GC markers for 15 min, washed, then immediately fixed with 4% paraformaldehyde. P-S6 staining was performed as described above in Flow cytometry and antibodies.

GC B cells were isolated using flow-cytometric sorting. Spleens from mice that had received adoptive transfer of either WT or Itch KO B18 cells and immunization with NP-OVA in alum were stained for NP-PE and GC markers, then sorted on NP^+^GL7^+^CD23^−^.

ELISA {#s18}
-----

Total serum antibody ELISAs were performed by coating ELISA plates with anti-mouse Ig overnight (Southern Biotech). For antigen-specific antibody ELISAs, plates were coated with 100 μl of a 1:1,000 dilution of NP-BSA (Biosearch Technologies). High-affinity antibody was detected by coating with a NP-BSA with a low conjugation ratio (5NP/BSA; Biosearch Technologies), and total antigen-specific antibody was determined by coating with NP-BSA with a high conjugation ratio (30NP/BSA; Biosearch Technologies). Low-affinity antibody was determined by subtracting high-affinity from the total. Plates were blocked, and then standards (Southern Biotech) and serum sample dilutions between 1:5,000 and 1:125,000 were added and incubated for 2 h at room temperature. After washing, isotype-specific detection antibodies conjugated to horseradish peroxidase (Southern Biotech) were added for 1 h at room temperature. 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added, and the reaction was stopped by adding 1 M phosphoric acid. Absorbance at 450 nm was determined. The standard for NP-specific mouse IgG1 was a gift from Mike Cancro (University of Pennsylvania, Philadelphia, PA).

For anti-dsDNA ELISAs, 100 μg/ml salmon sperm DNA in sodium bicarbonate buffer was filtered through a 0.45-µm filter then used to coat an ELISA plate overnight at 37°C. The next day, the plate was washed with deionized water and blocked with 0.2% BSA for 1 h. The plate was washed with wash buffer (PBS + 0.1% Tween) three times, and then samples were diluted in blocking buffer and added in serial dilutions, starting at 1:400. Samples were incubated at 37°C for 2 h. Plates were washed three times, and then secondary antibody for total mouse IgG-HRP (Southern Biotech) was added for 1 h at 37°C. Plates were washed five times, and then TMB substrate was added and the reaction was stopped by adding 1 M phosphoric acid. Absorbance at 450 nm was determined.

ELISPOT {#s19}
-------

ELISPOT plates (Millipore) were coated overnight with appropriate capture antibody; for total PCs, 100 μl of a 1:1,000 dilution of anti-mouse Ig (Southern Biotech) in sodium bicarbonate buffer was incubated overnight at 4°C, and for antigen specific ELISPOTs, plates were coated with 100 μl of a 1:250 dilution of NP-BSA (23NP/BSA; Biosearch Technologies).

After coating, plates were washed with PBS, then blocked with blocking buffer (PBS containing 2% BSA). Single-cell suspensions of RBC-lysed spleenocytes or BM was prepared in RPMI (GE) supplemented with 10% fetal bovine serum (Atlanta). Serial twofold dilutions of cells were plated, staring with 1 million cells. Cells were incubated in the plates for 4 h at 37°, and plates were washed (PBS containing 0.1% Tween), then incubated with biotin-conjugated isotype-specific detection antibodies diluted in blocking buffer overnight at 4°C (Southern Biotech). Plates were washed, and then 100 μl of 1:10,000 extravadin-alkaline phosphatase was added in blocking buffer. After incubating for 1 h at room temperature in the dark, plates were washed with washing buffer, and 100 μl nitro-blue tetrazolium and 5-bromo-4-chloro-3′-indolyphosphate (Thermo Fisher Scientific) substrate was added. Plates were incubated at room temperature in the dark for 10--30 min. Then plates were washed in water and allowed to dry, and spots were enumerated. PCs per BM (one hind limb) were determined by the following formula: no. PCs = no. spots per well/cells per well × total BM counts (determined using a hemacytometer).

For mixed BM chimera ELISPOTs, CD45.1 and CD45.2 cells were sorted from the spleen via flow-cytometric sorting, and then serial dilutions of either CD45.1 or CD45.2 cells were plated starting with 1 million cells.

Proteomics {#s20}
----------

FO B cells were isolated from spleens of IL4 KO or Itch/IL4 DKO mice by positive selection of CD23^+^ cells. Cells were stimulated for 24 h with 0.2 μM CpG ODN. Cells were then lysed and run on a 10% polyacrylamide gel (Bio-Rad). The gel was then stained with Coomassie Blue, and each lane, divided into three fractions, was analyzed by liquid chromatography and tandem mass spectrometry by the Proteomics Core at CHOP as previously described ([@bib20]). Protein identification and quantification were performed using MaxQuant. Intensity-based absolute quantification values ([@bib7]) were compared between IL4 KO and Itch/IL4 DKO mice with three biological replicates per genotype. Statistical significance was determined by *t* test corrected for multiple comparisons. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD014243.

Seahorse {#s21}
--------

ECAR and oxygen consumption rate (OCR) values were measured by the Agilent Seahorse XFe96 instrument at the University of Pennsylvania Diabetes Research Center, Islet Cell Biology Core. Base XF media, extracellular flux assay plates, cell culture plates, and mitochondrial stress test kits were purchased from Agilent. All procedures were performed according to the manufacturer's instructions and as previously described ([@bib45]). Cell culture plates were coated overnight with CellTak (Corning) and allowed to air-dry. FO B cells were isolated from WT and Itch KO mice and stimulated in vitro overnight, and then 250,000 cells per well were plated onto CellTak-coated plates in mitochondrial stress test media supplemented with stimulation reagents (e.g., anti-IgM and CpG). ECAR and OCR were measured before and after treatment with oligomycin, and data were analyzed by Wave software (Agilent). Basal glycolysis was ECAR before adding oligomycin, and max glycolysis was ECAR after treatment with oligomycin. Non--electron transport chain oxygen consumption was OCR after addition of oligomycin. Basal oxidative respiration was OCR before adding oligomycin.

Real-time PCR {#s22}
-------------

Purified naive or GC B cells were lysed in Trizol (Invitrogen) and stored at −80°C. RNA was extracted with chloroform, precipitated with 70% ethanol, and resuspended in RNase-free water. cDNA was generated using the High Capacity RNA-to-cDNA kit (Thermo Fisher Scientific). Real-time PCR was performed using TaqMan Gene Expression Master Mix (Thermo Fisher Scientific) with Itch-directed primer/probes (Applied Biosystems). Amplification and detection were performed on a 7500 Real-Time PCR System (Applied Biosystems) at the CHOP Nucleic Acid and Protein Core facility.

Ig heavy chain variable region sequencing and mutation analysis {#s23}
---------------------------------------------------------------

Sequencing of NP-specific B cells was performed as previously described ([@bib12]). In brief, flow cytometry--sorted WT or Itch KO NP^+^ GC B1-8 cells were lysed and stored in TRIZOL. RNA was isolated using chloroform extraction, precipitation in 70% ethanol, and recovery in RNase-free water. RNA was converted to cDNA using Superscript III reverse transcription (Invitrogen) and pooled constant region-specific primers for the gamma chain to preferentially amplify IgG transcripts ([@bib38]). cDNA was subjected to two rounds of nested PCR using Expand High Fidelity Polymerase (Roche) with 5′ primers for VH186.2 ([@bib24]) and 3′ primers for all Ig heavy chain junction region genes ([@bib38]). Amplified bands of ∼350 bp were purified using Qiaquick gel extraction kit (Qiagen) and cloned into pCR-TOPO vector using the TOPO TA Cloning kit (Invitrogen). Plasmid was prepared from individual bacterial colonies using a QiaPrep spin miniprep kit (Qiagen), and Ig heavy chain variable gene inserts were sequenced at the CHOP Nucleic Acid and Protein Core Facility. Mutations were analyzed using the International Immunogenetics Information System V-Quest database ([@bib3]).

Statistics {#s24}
----------

Statistical methods are stated in each figure legend, and statistics were calculated using Prism6 for Mac OS X software (GraphPad). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; and \*\*\*\*, P \< 0.0001.

Online supplemental material {#s25}
----------------------------

Fig. S1 shows the spleen B cell, serum antibody, and BM PC phenotype in Itch/IL4 DKO mice and IL4 KO control mice. Fig. S2 shows Itch mRNA expression in naive and GC B cells. Fig. S3 shows the proportions of CD45.1 and CD45.2 B cells in WT-WT and WT-KO mixed BM chimeras. Fig. S4 shows Itch mRNA expression in B cells that have been stimulated for 24 h in vitro. Fig. S5 shows P-S6 levels in spontaneous GC B cells that have been briefly stimulated ex vivo.

Supplementary Material
======================

###### Supplemental Materials (PDF)

We thank Keisuke Sawada for excellent technical expertise. Additional thanks to these Core facilities: CHOP Flow Cytometry Core, CHOP Nucleic Acid and Protein Core, and Penn Islet Cell Biology Core.

The research was supported by National Institutes of Health grants RO1AI093566 and RO1AI114515.

The authors declare no competing financial interests.

Author contributions: E.K. Moser designed and performed experiments, analyzed data, and prepared the manuscript. J. Roof carried out experiments. J.M. Dybas designed and performed computational proteomic analysis. L.A. Spruce and S.H. Seeholzer designed and carried out mass spectrometry experiments. M.P. Cancro and P.M. Oliver designed experiments, provided resources, provided intellectual input, and helped write the manuscript.
